The EmERgence of Autophagosomes  by Reggiori, Fulvio & Tooze, Sharon A.
Developmental Cell
PreviewsThe EmERgence of AutophagosomesFulvio Reggiori1,* and Sharon A. Tooze2,*
1Department of Cell Biology, University Medical Centre Utrecht, Heidelberglaan 100, 3584 CX Utrecht, The Netherlands
2Secretory Pathways Laboratory, London Research Institute, Cancer Research UK, 44 Lincoln’s Inn Fields, London WC2A 3PX, UK
*Correspondence: f.reggiori@umcutrecht.nl (F.R.), sharon.tooze@cancer.org.uk (S.A.T.)
DOI 10.1016/j.devcel.2009.12.004
Autophagosomes are large double-membrane vesicles that enclose cytoplasmic components targeting
them for degradation. Two recent reports reveal that phagophores, the autophagosome precursors, are
surrounded by and connected to rough endoplasmic reticulum (ER) membranes. These results shed light
on how membranes may be supplied and reorganized for autophagosomal biogenesis.In an effort to elucidate how and where the
membrane of the autophagosome arises,
Hayashi-Nishino et al. (2009) in a recent
issue of Nature Cell Biology and Yla-
Anttila et al. (2009) in a recent issue of
Autophagy used electron tomography to
generate 3D images of phagophores,
also known as isolation membranes (IM).
These two studies suggest an intimate
connection between ER and autophago-
somes and nicely complement recent
data indicating a crucial link between
these two organelles (Axe et al., 2008).
One prediction based on the 3D recon-
structions shown by these two papers is
that almost all the phagophores visualized
by conventional 2D electron microscopy
(EM) should have the ER adjacent to
them internally and externally, but this is
far from the case (for example, Axe
et al., 2008). Along the same line, fluores-
cence microscopy analyses performed
in the past should have revealed a high
degree of co-localization between ER
and autophagosome protein markers,
but this has also not been widely
observed. What is the reason for this
apparent inconsistency between the
historical data and the recent publica-
tions? There are several possibilities
such as the cell lines, the autophagy-
inducing conditions and/or the starvation
period used in the recent experiments,
which might favor the formation of one
type of phagophore over another, as well
as the site of formation. Another factor
could be the criteria employed to choose
the membrane profiles used to create
the tomograms, which lead to the selec-
tion of a subpopulation of phagophores.
However, the latter seems less likely
because a statistical evaluation of the
samples by EM has revealed a high ratio
of ER-associated autophagic structuresversus total autophagic structures (Haya-
shi-Nishino et al., 2009). Alternatively, the
procedure employed for the preparation
of the electron tomography samples
could have permitted a better preserva-
tion of ER-phagophore profiles, also
called ER-IM complexes. Thus, future
investigations are needed to confirm
these novel data and determine if these
conclusions are applicable to the biogen-
esis of all autophagosomes. It cannot be
excluded a priori that because of the
experimental setup, what has been
monitored in these studies is a mecha-
nism for a selective type of autophagy,
e.g., the specific degradation of ER (i.e.,
ER-phagy).
Nonetheless, the evidence presented in
these two ultrastructural studies suggests
that the ER could be, in these model
systems, the lipid donor membrane, and
this raises the question whether the ER
is the sole source of the autophagosomal
membranes. In yeast S. cerevisiae, the
transmembrane protein Atg9 is one of
the first Atg (autophagy-related) proteins
to be found at the phagophore assembly
site (PAS; Suzuki et al., 2007). This protein
as well as its mammalian counterpart is
transported through the Golgi and local-
izes to subcompartments of this organelle
(Young et al., 2006), implying that some
autophagosomal membranes may origi-
nate from the secretory pathway. This
notion is also supported by the recent
finding that during a specific type of
macroautophagy, the membranes of
autophagosomes are derived from the
Golgi (Nishida et al., 2009). These appar-
ently contradictory data, however, could
hide an even better kept secret, e.g., the
lipids forming the autophagosomes could
have different sources depending on the
cell and the conditions inducing autoph-Developmental Cell 17, Dagy. This flexibility in choosing the source
of the membranes could allow the cell to
select the most optimal lipid source for
each situation. This could potentially be
achieved by targeting the Atg machinery
to the lipid donor membrane, a possibility
supported by the finding that Atg16L
targeted to the plasma membrane trig-
gers the formation of lipidated LC3/Atg8
at this location (Fujita et al., 2008).
Assuming that the ER-phagophore
connections are indeed required for the
lipid supply to the nascent autophago-
some, this raises the following questions:
how are the ER and the phagophore
associated? How are the lipids trans-
ported through the connections between
these two compartments? And how do
autophagosomes detach from the ER?
The best studied junctions between
organelles are the mitochondrial-associ-
ated membranes (MAMs) connecting the
ER to the mitochondria. In the absence
of MAMs, phospholipid biosynthesis is
impaired, indicating their important role
in the lipid exchange between ER and
mitochondria (Kornmann et al., 2009). It
remains unclear whether the transmem-
brane proteins establishing the MAMs
are directly involved in the translocation
of lipids or whether they recruit specific
enzymes to the MAMs to mediate this
transfer. In any case, while the translo-
cases at the MAMs mediate an exchange
of lipids, those at the ER-phagophore
junctions must have a unidirectional trans-
fer activity to support the expansion of the
phagophore. Thus, there may be fruitful
analogies between MAMs and the means
by which the ER supplies lipids to the elon-
gating phagophore, but the connections
between ER and phagophores must
be achieved through a slightly different










Figure 1. Modified Models for the Emergence of a Phagophore from the ER
Models for phagophore origins and elongation proposed by Hayashi-Nishino et al. (2009) are modified in
(A) to illustrate ER-phagophore junctions coupled to lipid translocase activity (blue circle and upper box).
ER detachment at these sites may involve the action of uncharacterized PI(3)P phosphatases (see text). At
a separate site, the fission machinery (yellow) detaches the sequestered ER from the rest of the ER. In
model (B), the activities of the lipid translocase and fission machinery are coupled (green circle and lower
box). Note that phagophores in the left hand models are shown as single red lines for simplicity but are
correctly represented as double membranes in the boxed enlargements. In (C), the expanding phago-
phore detaches from the ER and closes by an unknown process, forming a nascent autophagosome.
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by the beclin1-containing class III
phosphatidylinositol 3-kinase complex
(PIK3C3), producing phosphatidylinosi-
tol-3-phosphate (PI(3)P) on the external
surface of the phagophore and/or ER,
thus recruiting the ER-resident PI(3)P-
binding protein DFCP-1 (double FYVE
domain-containing protein-1; Axe et al.,
2008) to the ER-phagophore complex.
One might hypothesize that lipid translo-
case activity localizes to these sites
(Figure 1A), but the enzymes responsible
for this activity remain obscure. A tempt-
ing speculation arising from this notion is
that the activation of a PI(3)P phosphatase
would provide a simple mechanism to
release DFCP-1 from the PI(3)P and thus
perhaps liberate complete autophago-
somes from the ER.
A problem with the simplest version
of the hypothetical model generated
from the two electron tomography studies
is the connection between the ER inside
the phagophore and the rest of the ER.748 Developmental Cell 17, December 15, 20Fission of these connections must also
be required to release the captured ER
into the closing autophagosome and
uncouple it from its parent organelle.
Fission of Golgi membranes requires
either CtBP/BARS or Endophilin B/Bif-1,
through a process controlled by the
GTPase activating protein ARFGAP1
(Yang et al., 2006). Since Endophilin
B/Bif-1 interacts with the beclin1-contain-
ing PIK3C3, and is essential for autoph-
agy (Takahashi et al., 2007), we speculate
that fission of the inner ER during phago-
phore closure may be the basis for the
Bif-1 requirement. While the lipid translo-
case and fission machinery may remain
spatially separate, an alternative attrac-
tive possibility is that PIK3C3 links the
fission machinery to the connection sites
coupling phagophore elongation with
ER fission and autophagosome closure
(Figure 1B).
The mysterious origin of autophagoso-
mal membranes has been the subject
of intense debate since the discovery of09 ª2009 Elsevier Inc.autophagy. Even if these compelling
images have provided possible models
to explain autophagosome biogenesis,
several questions remain which need to
be addressed. First, is the process
observed in fact a selective type of
autophagy, such as ER-phagy? Further-
more, how are resident ER proteins
excluded from the phagophore com-
plexes? Do ER-phagophore connections
act as barriers exclusively allowing the
passage of lipids? How would large
organelles such as mitochondria fit into
this type of phagophore? The intense
investigations that are prompted by these
pioneering studies will certainly shed light
on the molecular mechanism of autoph-
agy and likely reveal that the emergence
of an autophagosome is more complex
and multifaceted than what we currently
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